Electrically responsive liquid crystal diffraction gratings are a promising technology for a variety of optical beam steering applications. These gratings typically utilize either chiral nematic liquid crystals 1 where the director rotates through space in a helical fashion, or polymer-dispersed liquid crystals in which a refractive index gradient is imposed by holographically patterning the distribution of liquid crystal droplets ͑with random average director orientation͒ within a polymer binder. 2 In fact, a low-concentration polymer network 3 may also be used in the chiral nematic case to stabilize the grating and ensure reproducible recovery after cycling the applied voltage through zero. In both systems, switching between diffracting and nondiffracting states is based on the reorientation of the optical axis from a nonuniform to a uniform state by means of an external voltage. The key parameter is the threshold voltage, which scales with the material parameters of a pure liquid crystal as ͱK/Re ⌬.
Here, K is an elastic constant for deforming the equilibrium director orientation, and Re ⌬ is the real part of the dielectric anisotropy given as a function of frequency f by
where the subscripts ʈ and Ќ refer to the principal values of the dielectric constant and f Ќ and f ʈ are the lowest dipole relaxation frequencies. In most nematics, f Ќ ϳ f ʈ ϳ10 8 Hz, so that Re ⌬ is essentially frequency independent for practical operating frequencies. Switching then requires varying the magnitude of the applied voltage.
The purpose of this letter is to demonstrate a switchable grating based on the polymer stabilization of director modulations that can be induced in a nonchiral liquid crystal near the frequency where Re ⌬ changes sign. These gratings have some interesting features and advantages compared to other liquid crystal gratings. First, the grating may be switched between distinct states as a function of frequency at fixed voltage ͑and for practical frequencies͒. Thus, frequency-based switching is possible in addition to the usual voltage-based switching. Second, no external patterning tools ͑holographic masks or patterned electrodes͒ are required to form a grating. Third, the grating pitch for the alternate system is determined by the sample thickness and not by material-dependent quantities ͑e.g., the concentration of chiral dopant as in the case of chiral nematics͒. This means that gratings with a spatially varying pitch can be made using a wedge-shaped cell, whereas spatially controlled pitch is much more difficult to achieve in cases where external patterning or manipulation of material properties is necessary.
In typical nematics confined with a uniform director orientation between parallel flat substrates, a voltage VϾV th ϳͱK/Re ⌬ applied across the substrates induces a Frederiks transition to a distorted state, which, however, remains uniform in the substrate plane. No in-plane modulation ͑or diffracting state͒ occurs. In order to produce such a state, we use a commercial, room-temperature nematic mixture MLC2048 ͑Merck͒, whose dielectric anisotropy changes sign at a specific inversion frequency f I . 4 In this and similar materials, ʈ (0)Ͼ Ќ (0)Ͼ ʈ (ϱ) and f ʈ ϳ10
4 HzӶ f Ќ . The expression for Re ⌬ at a low frequency then simplifies to
and Re ⌬ passes through zero at
Thus, when f ϳ f I , the threshold voltage for the ordinary Frederiks distortion diverges (V th ϰ1/ͱRe ⌬→ϱ), and simple distortions with ϭ(z) no longer occur. Instead, the dielectric contribution to the free energy is dominated by dielectric losses (Im ⌬ӷRe ⌬Х0). As pointed out by Chigrinov and co-workers 5 ͑and in an alternative analysis by de Jeu͒, 6 more complicated distortions with ϭ(x,z), corresponding to states that are modulated in the plane of the substrates, may be induced in the vicinity of f I . As illustrated in Fig. 1 6 most of the M states have characteristics suggestive of dynamic instabilities. In our sample, they exhibit considerable low frequency light scattering, and slow, hysteretic switching dynamics when cycling through the transition to the unmodulated states. They are, therefore, unsuitable for applications. On the other hand, the region of the M state just above the open squares in Fig. 1͑a͒ is characterized by a static dielectric instability. 5 We label this substate modulated Frederiks; unfortunately, like the majority of the other M states, it occupies only a relatively narrow range of the phase diagram in the pure liquid crystal system. Another problem affecting all of the M states in the pure liquid crystal is the high sensitivity of the inversion frequencyand hence of the phase diagram-to small changes in ambient temperature. 4 We find that both these problems are effectively solved when the modulated Frederiks state is stabilized by a low concentration polymer network. As Fig.  1͑b͒ shows, the phase diagram of the stabilized system simplifies to just the modulated Frederiks and homeotropic states, and there is a well-defined transition line between them. This line is also relatively immune to shifts in ambient temperature ͑no observable change for daily fluctuations in laboratory temperature͒.
We now illustrate the optical texture and performance of polymer-stabilized gratings based on the modulated Frederiks state. Our sample consisted of a mixture of 94.8 wt % MLC2048, 5 wt % reactive monomer ͑RM257, Merck͒, and 0.2 wt % photoinitiator ͑Irgacure 651, Ciba Additives͒. This mixture was filled into the 10 or 25 m gap of standard electro-optic cells consisting of ITO-coated glass slides with rubbed polyimide overlayers ͑producing homogeneous liquid crystal alignment͒. The modulated state was induced by applying a bipolar square-wave voltage at room temperature. The polymer network was then formed by photopolymerization with 365 nm unpolarized UV light ͑intensity 0.1 mW/cm 2 for 60 min͒. At this wavelength, there is negligible absorption by the sample. Figures 2͑a͒ and 2͑b͒ show the texture of the modulated Frederiks state obtained in the 25 m sample prior to stabilization with applied voltage V P ϭ27 V and frequency f ϭ15 kHz. By rotating the sample between crossed polarizers, we confirmed that the average director orientation cor-
FIG. 2. ͑Color͒ Optical micrographs of the grating texture in the modulated
Frederiks state of the 25 m sample. In all cases, the polarizer is along the horizontal direction, which is equivalent to the cell rub direction, and the analyzer orientation is vertical. ͑a͒ and ͑b͒ correspond to the sample before polymer stabilization; the applied voltage is V p ϭ27 V with f ϭ15 kHz. In ͑b͒, the addition of a quarter-wave retardation plate ͑with axis at 45°to vertical͒ reveals a repeat unit containing four distinct lines labeled 1 to 4. ͑c͒ and ͑d͒ display the grating texture after stabilization, in high ͑V p ϭ45 V, f ϭ16 kHz͒ and low ͑V p ϭ45 V, f ϭ10 kHz͒ contrast states, respectively.
FIG. 1.
Measured phase diagrams for the 10 m sample before ͑a͒ and after ͑b͒ polymer stabilization. P and H denote uniform homogeneous and homeotropic states, respectively, whose phase boundaries are indicated by the lines connecting the filled and open circles. In ͑a͒, measured at 25°C, M denotes various states in which the director is spatially modulated in the plane of the substrates. Triangles and filled squares are lower limits in voltage for distinct two-dimensionally modulated states. The crosses indicate a lower limit for a chevron texture. Open squares correspond to the threshold for the one-dimensional modulated Frederiks state discussed in the text and Ref. 5 . In ͑b͒, measured at room temperature, M denotes the stabilized modulated Frederiks state. Double arrows indicate pathways for voltage and frequency-based switching used to obtain the diffraction data in Fig. 3. responds to the rub direction of the cell, which is perpendicular to the vertical bright lines in Fig. 2͑a͒ . The optical period of the modulation is equivalent to the separation between consecutive lines labeled by a 1, or 30 m ͑1.2 times the cell thickness͒. By studying the grating texture in a wedgeshaped cell, we verified that the optical period varies linearly with thickness. Lines 1 and 3 correspond to regions where the director is tipped up or down from the initial homogenous orientation ͑parallel to the rub direction͒, leading to a mixture of ordinary and extraordinary rays for obliquely incident light and thus the observed transmission through the analyzer. The lines disappear when the field is lowered below the threshold and back to the planar state. The dark bands in Fig. 2͑a͒ ͑e.g., positions 2 and 4͒ correspond to regions where the director is nearly uniformly oriented along the rub direction. Contrast within these regions is observed only with the addition of a retardation plate, which shifts the phase of the transmitted light to produce optimum interference. As shown in Fig. 2͑b͒ , bright lines then appear at positions 2 and 4. We conclude that, as predicted for the modulated Frederiks distortion, 5 the modulation in our sample is primarily a bend/ splay distortion of the optic axis, with the wave vector parallel to the average director. Figures 2͑c͒ and 2͑d͒ show the texture after formation of the polymer network at the same UV condition as the 10 m sample. The polymer rich domains correspond to the regions of distorted director, positions 1 and 3 from Fig. 2͑a͒ . The micrographs reveal a sharp reduction in grating contrast when the frequency is switched from 16 to 10 kHz at a constant voltage. As indicated in the phase diagram in Fig.  1͑b͒ , this corresponds to a transition to the homeotropic state of the liquid crystal. Note in particular, the disappearance of the bright lines at positions 2 and 4, implying a reorientation of the optic axis onto the direction perpendicular to the substrates.
Diffraction patterns produced by gratings similar to Fig.  2͑c͒ and 2͑d͒ , but formed in a 10 m cell ͑yielding a 12 m optical period, again 1.2 times the cell thickness͒, were recorded using a charge coupled device array and a focused 633 nm HeNe laser at normal incidence. The patterns are shown in Fig. 3 . The input polarization was parallel to the grating vector in Fig. 2 ͑i.e., to the original average director orientation͒. No analyzer was used. Patterns for the modulated Frederiks state at two positions in the phase diagram of Fig. 1͑b͒ , V p ϭ0 V and V p ϭ27 V with f ϭ16 kHz, are shown in Fig. 3͑a͒ and 3͑c͒ . These patterns reflect the complexity of the grating texture in Fig. 2͑a͒ . The lowest order of diffraction ͑ϩ1͒ corresponds to the 12 m optical period of the grating ͓the separation between the two positions labeled 1 in Fig. 2͑a͔͒ . In addition, there are strong second order ͑ϩ2͒ contributions corresponding to the 6 m separation between polymer rich ͑or liquid crystal rich͒ domains, 1 and 3 ͑or 2 and 4͒ in Fig. 2͑a͒ . Many higher harmonics of these contributions are observed; in fact, 70% of the transmitted intensity is diffracted into angles above 12°. When either the frequency is switched from 16 to 10 kHz at constant V p ϭ27 V or V p is switched on at 10 kHz, the pattern shifts in 40 ms to the forward direction ͓Fig. 3͑b͔͒, with 86% of the transmitted light concentrated within Ϯ12°.
We conclude by considering the polarization dependence of the diffraction efficiency, presented in Fig. 3͑d͒ . A very strong dependence is observed for the high frequency state, and the maximum in efficiency for polarization perpendicular to the stripe direction of the substrates implies that the average director is parallel to the grating axis. This is again consistent with a bend-splay distortion for the modulated Frederiks state. 5 In contrast, when the grating is switched to a low frequency, the diffraction efficiency becomes nearly independent of polarization. This indicates that the grating contrast at a low frequency comes mainly from the difference between the average polymer refractive index and the refractive index of the liquid crystal in the homeotropic state. If these values could be matched ͑by suitably tailoring the monomer͒, the low frequency state could in fact be made weakly diffracting. The diffraction pattern in the ''on'' state would also be simplified by index matching of materials. FIG. 3 . Forward diffraction patterns recorded for the stabilized 10 m grating using a 633 nm laser at normal incidence and polarized along the grating axis. The applied voltage is V p ϭ0 V in ͑a͒, V p ϭ27 V at f ϭ10 kHz in ͑b͒, and V p ϭ27 V at f ϭ16 kHz in ͑c͒. ͑d͒ shows the diffraction efficiency ͑ratio of diffracted intensity to total transmitted intensity͒ as a function of input polarization for conditions of the applied voltage corresponding to ͑a͒ ͑filled circles͒ and ͑b͒ ͑open circles͒.
